Hidden Physical Effects in Non-centrosymmetric Crystals by Lin, Zuzhang et al.
ar
X
iv
:2
00
5.
05
87
0v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 12
 M
ay
 20
20
Hidden Physical Effects in Non-centrosymmetric Crystals
Zuzhang Lin,1, 2 Chong Wang,1, 2, 3, ∗ Yong Xu,2, 4, 5, † and Wenhui Duan1, 2, 4
1Institute for Advanced Study, Tsinghua University, Beijing 100084, China
2State Key Laboratory of Low Dimensional Quantum Physics and Department of Physics, Tsinghua University, Beijing, 100084, China
3Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
4Frontier Science Center for Quantum Information, Beijing 100084, China
5RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan
(Dated: May 13, 2020)
Symmetry forbidden effects in crystals may emerge in a local environment that breaks the symmetries. Yet
these hidden physical effects were only discussed in centrosymmetric crystals. Here we propose that hidden
physical effects can be generalized to almost all crystallographic symmetric groups and hence reveal their uni-
versality and diversity. We systematically discuss certain symmetries in crystals that may induce hidden spin
polarization (HSP), hidden berry curvature and hidden valley polarization, with a focus on a specific pattern of
HSP whose winding directions of the in-plane spin vectors are the same for adjacent bands, dubbed anomalous
HSP. Such an unprecedented spin pattern arises from relatively weak spin-dependent inter-sector interaction
and is demonstrated in mirror-symmetric InSe by first-principles calculations. Unique electric field-dependent
splitting into specific spatial polarization pattern may serve as an experimental signature of anomalous HSP. Our
results reveal abundant hidden physical effects beyond centrosymmetric crystals and provide new platforms to
discuss them for emergent physical effects and future applications.
With time reversal symmetry and inversion symmetry, all
electronic energy bands are doubly degenerate in crystalline
solids. In comparison with spin polarized materials, these
materials exhibit much more subtle effects of spin-orbit cou-
pling (SOC). As such, these materials are largely ignored in
the studies of SOC induced phenomena, including the Dres-
selhaus effect [1], Rashba effect [2], anomalous Hall effect
[3] and valley polarization [4, 5]. However, recent research
efforts have been put into uncovering hidden physical effects
induced by the local asymmetry in the centrosymmetric sys-
tems. One important advancement is the discovery of hidden
spin polarization (HSP), including the hidden Rashba effect
and the hidden Dresselhaus effect [6–9]. This discovery has
soon inspired studies on other hidden physical effects, such
as hidden orbital polarization [10], hidden valley polarization
(HVP) [11] and hidden Berry curvature (HBC)[12, 13].
Among hidden physical effects, HSP shows a lot of advan-
tages. Unlike the conventional Rashba effect, hidden Rashba
effect can be easily manipulated by an external electric field
[14], and is proposed to be the key ingredient in the next
generation of spin-field effect transistors [15, 16]. In addi-
tion, HSP is believed to bring exotic physical insights into
topological insulators [17], topological superconductivity [18]
and may even into high-temperature superconductivity [19].
Experimentally, HSP has been observed via various meth-
ods [20–23]. Despite these recent advances, discussion of
hidden physical effects has been limited to centrosymmetric
crystals. This restriction can be lifted by considering other
crystallographic symmetries. For example, because spin is
a pseudovector, the mirror symmetry forbids in-plane spin
component in mirror-symmetric planes of the Brillouin zone
(BZ). However, by projecting the Bloch wave functions onto a
mirror-asymmetric sector of the crystal, hidden in-plane spin
component may emerge.
In this work, we systematically investigate HSP, HBC and
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FIG. 1. Schematic diagrams of (a) normal HSP and (b) anomalous
HSP, where sectors A and B of the system are, respectively, related
by an inversion center and a mirror plane. The winding direction of
spin vectors of two spin split bands are opposite for normal HSP but
same for anomalos HSP.
HVP under certain crystalline symmetries, including inver-
sion, mirror, two-fold rotation (C2) and rotation-reflection
(Sn = Cnzmz in Schoenflies symmetry notation [24]) sym-
metries. We find hidden physical effects are allowed in most
point groups and candidate materials can be easily discovered
with the guidance of symmetry analyses. As an example, we
demonstrate the HSP in a mirror-symmetric crystal InSe by
first-principles calculations. Unexpectedly, the winding di-
rections of the in-plane spin vectors are the same for adjacent
bands, as opposed to the Rashba effect, where the spin-split
bands have opposite winding directions. We develop a k · p
model and attribute the anomalous HSP to the relatively weak
SOC between the two sectors permuted by mirror symme-
try. We also predict the experimental signatures of anomalous
HSP. These findings enrich our understanding of hidden phys-
ical effects and uncover a large amount of candidate materials
2for experimental observation.
Symmetries that allow hidden physical effects. When a
physical quantity is forbidden by crystallographic space time
symmetry, nonvanishing effects may be found in a local en-
vironment that breaks this symmetry. This observation is im-
portant since many experimental detection techniques mea-
sure local quantities, effectively breaking the global symme-
try that enforces the stringent constraint on this physical quan-
tity. For example, since space-time inversion symmetry (IT )
transforms one spatial region to another, and at the same time
flips spin, the relation will hold for any quantum state ψ that
〈sA〉ψ = −〈sB〉IT ψ , (1)
where 〈sA〉ψ := 〈ψ |sA|ψ〉, sA and sB are the spin operators
localized at regions A and B, respectively. Region A and re-
gion B are permuted by IT and we will refer to these spatial
regions as sectors. Specifically, for an IT -symmetric crystal,
every nondegenerate Bloch wave function ψ(k) is mapped by
IT to itself
IT ψ(k) = ψ(k). (2)
Therefore,
〈sA〉ψ(k) = −〈sB〉ψ(k) (3)
for all k ∈ BZ. In this example, the total spin polarization
is forbidden by IT , but the local spin polarization may be
detected in both sectors A and B. This phenomenon, proposed
by Ref. [6], is illustrated in Fig. 1(a).
For a tensor Q with rank larger than or equal to 1, the
above relation may be generalized to explicitly include spe-
cific Cartesian components. For a symmetry operator O, if a
crystal is symmetric under O, some of the Cartesian compo-
nents (labeled by i ) of Q is enforced to vanish as
〈
QiA
〉
ψ(k)
= −
〈
QiB
〉
ψ(k) (4)
for nondegenerate ψ with k ∈ M[O], where M[O] is the
invariant submanifold of the Brillouin zone. Here i should
be chosen from the collection of Cartesian indices of Q rep-
resenting the components that are flipped by O. Similar to
Eq. (1), sectors A and B are permuted by O (we will always
assume this condition in this work). Equation (4) indicates
plenty of hidden physical effects in non-centrosymmetric
crystals, including HSP, HBC and HVP, which have been
completely overlooked in previous research efforts. In the fol-
lowing, we mainly discuss HSP in mirror-, C2- and Sn- sym-
metric crystals because these symmetries permute two sectors
in crystals.
As an example, in Eq. (4), ifO is chosen as mirror symme-
try in the z direction (mz), spin polarizations s
x and sy will be
forbidden in themz-invariant kz = 0 plane. If O is chosen as
mzT , s
z will be forbidden in themzT -invariant kx = ky = 0
line. The above statements clarify the possibility of HSP in
mirror-symmetric materials. Analogously, crystals with C2 or
TABLE I. The certain Cartesian components of spin polarization
[S(k)], Berry curvature [Ωn(k)] and valley polarization [deter-
mined by the degree of circular polarization ηx,mn(k), or ηy,mn(k),
or ηz,mn(k)] that may exhibit hidden physics in the O-symmetric
crystals. See note S1 in the Supplemental Material [25] for details
of the definitions of Berry curvature and the degree of circular polar-
ization. For simplicity, the band indexes n and m are omitted in the
table . O can be mirror, C2 and Sn symmetry. Time reversal sym-
metry T is assumed by default. For simplicity, we use a simplified
notation in whichQi andQ
∗
i represents
〈
Qi
〉
ψ(k)
for nondegenerate
ψ with k ∈ M[O] and k ∈ M[OT ], respectively, as defined in the
main text.
symmetry HSP HBC HVP
m mx Sy,z, S
∗
x Ω
∗
x,y,z η
∗
x
my Sx,z, S
∗
y Ω
∗
x,y,z η
∗
y
mz Sx,y, S
∗
z Ω
∗
x,y,z η
∗
z
C2 C2x Sy,z, S
∗
x Ω
∗
x,y,z η
∗
x
C2y Sx,z, S
∗
y Ω
∗
x,y,z η
∗
y
C2z Sx,y, S
∗
z Ω
∗
x,y,z η
∗
z
Sn Snx S
∗
x Ω
∗
x,y,z η
∗
x
Sny S
∗
y Ω
∗
x,y,z η
∗
y
Snz S
∗
z Ω
∗
x,y,z η
∗
z
Sn symmetry can also exhibit HSP in certain lines or planes
in the reciprocal space.
Similar symmetry analyses can also be applied to HBC and
HVP (see Note S1 in the Supplemental Material [25]). In
Table I, we summarize possible hidden physical effects for
mirror, C2 and Sn symmetries. With the inclusion of these
symmetries, hidden physical effects may be found in crystals
with almost all point groups, which we summarize in Table
S1 in the Supplemental Material [25]. Under these guidances,
we find HSP in monolayer InSe, monolayer In2Se3 and bulk
material GeSe2, which are examples of mz-, C2- and S4z-
symmetric crystals, respectively. In monolayer InSe, hidden
in-plane spin polarization with unconventional spin textures
can be found, as discussed in detail in the following section.
And monolayer In2Se3 and bulk GeSe2 show HSP along cer-
tain high symmetry lines in BZ, the discussion of which is
deferred to Fig. S1 and Fig. S2 in the Supplemental Material,
respectively.
HSP in monolayer InSe. In the following, we study mono-
layer InSe as an example of HSP protected by mirror symme-
try, corresponding to row 4 in Table I. Monolayer InSe (space
group P6m2) has a mirror plane perpendicular to the z direc-
tion (we set the c axis along the z direction) and the mirror
plane permutes the top Se atoms and the bottom Se atoms,
which we will refer to as sectors A and B [Fig. 2(a)]. Mono-
layer InSe is a semiconductor with an indirect band gap of
1.49 eV [Fig. 2(b)]. Its highest valence band along the Γ-K
path splits into two bands (VB1, VB2) due to SOC. The max-
imum amplitude of this splitting is about 10 meV. By first-
principles calculations (see Note S2 in the Supplemental Ma-
terial [25]), we find out-of-plane spin polarization [Figs. 2(c)
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FIG. 2. Crystal structure, band structure and spin polarization of
monolayer InSe. (a) Sideview and topview of the crystal structure.
(b) Band structure of monolayer InSe and the inset is magnification
of the details of the two highest valence bands. The out-of-plane spin
polarization of VB1 (c) and VB2 (d), which is represented by color
scale. The in-plane spin polarization projected on sector A (green
color) and sector B (orange color) for VB1 (e) and VB2 (f).
and 2(d)] for each band. Due to mz symmetry, the total in-
plane spin polarization of each band is zero, but HSP can be
revealed by projecting each band onto sector A or sector B
[Figs. 2(e) and 2(f)], as discussed in the previous paragraphs.
Beyond our expectation, the orientations of spin textures
projected onto sector A (or B) of VB1 and VB2 are both anti-
clockwise (clockwise) [Figs. 2(e) and 2(f)], realizing a sector-
spin locking. Similarly, the spin textures of the two conduc-
tion bands (CB1 and CB2) are both clockwise and anticlock-
wise when projected onto sector A and sector B, respectively
(see Fig. S3 in the Supplemental Material [25]). Similar HSP
is observed in InSe-structure like materials GaS and GaSe (see
Fig. S4 and Fig. S5 in the Supplemental Material [25]). Since
the splitting between the two valence bands of InSe stems
from SOC, it is quite unusual to get the same orientation of
the spin textures of these two bands. Therefore, we refer to it
as the anomalous HSP, while the HSP in the centrosymmetric
system found in Ref. [6] is dubbed as normal. To compare the
normal and anomalous HSP clearly, we illustrate them in Fig.
1.
k · p model for anomalous HSP. To understand the anoma-
lous HSP discussed above in monolayer InSe, a k · p Hamil-
tonian around Γ point is derived based on the symmetry anal-
yses. The basis functions are |A, ↑〉, |A, ↓〉, |B, ↑〉 and |B, ↓〉,
where A and B refer to sectors A and B, and spin up (down)
state is described by ↑ (↓). The k · p Hamiltonian invariant
under all these symmetric transformations is (see Note S3 in
the Supplemental Material [25] for more details)
H(k) = c(k)τ0σ0+B1(k) ·σ+B2(k) ·σ+I(k)τxσ0, (5)
where the Pauli matrices τ and σ describe the sector and spin
degrees of freedom, respectively. we define σ = (σx, σy, σz).
The energy dispersion c(k) term and spin-independent inter-
sector-interaction I(k) term describe the Hamiltonian with-
out SOC. Here, B1(k) and B2(k) are two SOC-induced ef-
fective magnetic fields, with B1(k) = Rτz (−ky, kx, 0) and
B2(k) = Mτy
(
k2x − k
2
y,−2kxky , 0
)
. B1(k) and B2(k)
arise from the intra-sector and inter-sector SOC, respectively.
All coeffcients in the Hamiltonian are real.
Note that c(k) describes the average dispersion of the four
relevant bands. With intra-sector SOC [B1(k)], we get two
sets of doublely degenerate Rashba split bands separately lo-
cated on sector A and sector B. This is depicted by the upper
panel and lower panel in Fig. 3(a), respectively. Since the
B1(k) term respects inversion symmetry, the effective mag-
netic fields B1(k) of two sectors compensate each other and
the total in-plane spin polarization is zero.
When the inter-sector SOC is turned on [B2(k)], inver-
sion symmetry is broken and the degeneracy of the two sets of
Rashba bands will be lifted [Fig. 3(b)]. Each doubly degen-
erate band splits into two descendant non-degenerate bands,
leading to VB2, VB1, CB1 and CB2 as labeled in Fig. 3(b).
Each of these four bands is contributed by both sectors A and
B. The two descendant bands VB2 and VB1 inherit the HSP
from their parent band so that they possess the same winding
orientation. With spin-independent inter-sector interaction is
further included [I(k) in H(k) ], the persistent degeneracy at
Γ is also lifted and a large band splitting may arise as long as
the I(k) term is large enough [Fig. 3(c)].
If the B2(k)-related band splitting is relatively smaller
compared to the band splitting caused by intra-sector SOC in-
teraction [described by B1(k)], the orientations of HSPs of
two inter-sector SOC-split subbands are the same as shown in
Fig. 3(c), which explains the same orientations of HSPs of two
SOC-split subbands VB1 and VB2 in InSe. Motivated by the
case that inter-sector SOC may lead to the anomalous HSP in
mirror symmetric materials, we conclude that the HSP could
be anomalous when the two sectors are related by C2 where
inter-sector SOC is allowed, but not by S symmetry, where
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FIG. 3. Schematic diagrams of band splittings and corresponding spin polarization in the mirror-symmetric crystals. (a) The two sets of
Rashba bands (degenerate in energy) located on sector A (green) and sector B (orange) with Rashba-type spin textures when only the intra-
sector SOC B1(k) is included. (b) The four splitting bands (upper panel) and the spin textures (lower panel) when the weak inter-sector
SOC B2(k) is also included. (c) The bands CB1, CB2, VB1 and VB2 (upper panel) with spin textures (lower panel) when spin-independent
inter-sector-interaction I(k) is further included. (d) The spin textures of bands CB1 and CB2 when the zero-order E0 term of Eq. (6) in the
main text is further included. The arrow in (d) indicates E0 increases from the upper panel to the lower panel. The green and orange curves
in (a) and (d) refer to the bands mainly contributed by sector A and B, respectively, while the black curves in (b) and (c) refer to the bands
equally contributed by sector A and B. The green arrows and orange arrows represent the in-plane spin polarization contributed by sector A
and sector B, respectively.
such interaction is forbidden. (see Note S4 in the Supplemen-
tal Material [25]).
Electric control of HSP. The mirror symmetry of the system
can be further broken under an external electric field along the
z direction, leading to another HamiltonianHE(k) (up to the
first order of k):
HE(k) = E0τzσ0 +B
ext
1
(k) · σ +Bext
2
(k) · σ (6)
where Bext
1
(k) and Bext
2
(k) are another two effective
magnetic fields induced by the external electric field,
with Bext1 (k) = E1τ0(−ky, kx, 0) and B
ext
2 (k) =
E2τx(−ky, kx, 0). All parameters are real.
The usually dominated zero-order E0 term determines the
energy difference between the two sectors because of the ex-
ternal electric field, resulting in sector polarization for each
band [26, 27]. In the following, we show the evolution of
the patterns of the spin textures of the two conduction bands
under an electric field in the positive z direction. When the
electric field is small, the spin polarizations projected on sec-
tors A and B remain almost the same but each band now has
net spin polarization because it is dominantly contributed by
either sector A or sector B, as illustrated in the upper panel in
Fig. 3(d). A larger electric field will induce normal Rashba
effect. Therefore, after a critical field, the winding directions
of the in-plane spin vectors of CB1 and CB2 become the same
for two sectors [the lower panel in Fig. 3(d)], which are ver-
ified through first-principles calculations (see Fig. S6 in the
Supplemental Material [25]). The calculated spin polarization
under external electric fields through k · p model reproduces
very well the results of first-principles calculations (see Fig.
S7 in the Supplemental Material [25]). The evolution of the
spin polarizations of the two valence bands under an electric
field should be analogous. The evolution of the spin polariza-
tions of the four bands can be used as a signature for exper-
imental detection of the anomalous HSP. The above analysis
has assumed smallBext
1
(k) andBext
2
(k). In the case of large
Bext1 (k) and B
ext
2 (k), the spin and sector polarization pat-
terns might be different, the discussion of which is presented
in Fig. S8 and Fig. S9 of the Supplemental Material [25].
In summary, we have revealed the presence of hidden phys-
ical effects in the mirror-,C2- and Sn- symmetric crystals, and
thus uncovered the abundance of hidden physical effects’ can-
didate materials whose point groups contain these symmetry
operators. Based on first-principles calculations, we carefully
study HSP in mirror-symmetric InSe and predict the emer-
gence of anomalous HSP. The possibility of anomalous HSP
in other symmetry and anomalous phenomena of other hidden
physical effects remains an open question. We also predict
unique tunable patterns of the spin textures of such systems
under an external electric field, which can be used for exper-
imental detection. Besides the electric field, other external
field such as magnetic field and strain should also be able to
tune the spin polarization. Our results enrich the physical in-
sights of hidden physical effects and predict the existence of a
large amount of candidates, which may bring exotic physical
phenomena and benefit further applications in spintronics.
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